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Abstract 	
With the increasing complexity of part model designs and the pressure to reduce time to market, evaluating the 
manufacturability of conceptual designs can help design engineers avoid part features that create downstream 
manufacturing problems. For machining processes, reachability of a part surface with a cutting tool plays a major 
role in determining the machinability of a design. This paper describes a new method to quantify reachability at 
different locations on the surface of a part model. A mesh representation (STL file) is generated for a part model and 
a slicing algorithm is used to estimate the reachability for each model facet. A new metric was derived to provide an 
overall measure of a part model’s reachability. The results of our analysis of three part models are presented along 
with a discussion of the implications of the new metric for design. 
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1. Introduction 
Understanding the implications of design decisions for manufacturing in the conceptual design stage of product 
development is critical to reducing time to market and manufacturing costs. It is well established that design 
decisions determine the majority of manufacturing costs. For parts that will be machined, methods that have been 
proposed for evaluating the machinability of a design have focused on rule-based [1, 2] or cost estimation 
techniques [3]. One important aspect of the machining process is that part surfaces must be reachable (i.e., a tool 
cutting surface can reach the surface). 
 
Different methods have been developed to determine the reachability of a surface based on surface visibility. 
Balasubramaniam et al. [4] described a method to find the visibility of surfaces in high resolution by first 
discretizing the part surfaces using tessellation. Lim et al. [5] introduced a method for calculating the accessible 
region for internal features like a pocket using the contour offsetting method based on Tool Access Volumes (TAV).  
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Yin at al. [6] developed a procedure for visibility analysis based on the part geometry, shape of the effector (part of 
the robot that interacts with the environment) and degrees of freedom between the part and tool.  
 
In the next section we describe a methodology for calculating a new reachability metric for conceptual designs using 
an STL (i.e., mesh) representation of a part. We then present the results for three different part designs and a 
discussion of how the metric is consistent with the machinability of the parts.  
 
2. Methodology 
We define reachability in terms of how accessible the surfaces are on a part model, based on a certain tool direction 
and depth of the surface relative to neighboring surfaces. The part model in stereolithography (STL) format is an 
approximation of the surface of a part, consisting of a 3D mesh of facets (i.e., a set of adjoining triangles). The 
number of triangles in the mesh is proportional to the surface complexity. The more accurately the mesh matches the 
part geometry, the more triangles are needed to approximate the model’s surfaces.  
 
Our method simplifies the estimation of reachability by sampling line segments on the surface has five main steps as 
shown below. 
1.  Slice the 3D mesh into polygons 
2. Calculate the worst case reachability for each polygon segment for each tool direction 
3. Calculate the minimum reachability for a polygon segment across all tool directions 
4. Map the 2D reachability values back to the facet in the mesh 
5. Calculate a unit-less reachability metric  
 
2.1 Step 1: Slice the 3D mesh into polygons 
By intersecting a plane with the facets in the 3D mesh, we obtain a polygon. Each segment of the polygon represents 
a facet in the mesh. The mesh is sliced by a set of planes separated by a fixed distance	𝛿	as shown in Figure 1 where 
a facet is represented by the red triangle and the polygon line segment for each slice is indicated by a yellow line 
segment. The slicing process is repeated in three directions normal to the X, Y, and Z axes. The result of a slicing 
operation with all the intersecting facets is a simple polygon as shown in Figure 2.  
          
 
Figure 1: Slicing a facet normal to the y-axis               Figure 2: Example of a resultant polygon for a slice 
 
The criteria for selecting 𝛿 would be as follows. The size of the smallest facet will be selected, and that value will be 
divided in half to obtain the ideal 𝛿. Utilizing this method for selecting 𝛿 will allow each facet to contain a sufficient 
number of intersections and line segments, for the purpose of calculating the ρj values. 
 
2.2 Step 2: Calculate the worst case reachability for each polygon segment for each tool direction  
The goal in this step is to find the reachability value of each polygon segment for each tool direction from a set of 
possible tool directions. Reachability in this method is based on whether the line segment is visible from the chosen 
angle of tool direction θR . To determine this visibility, the tool direction angle must fall within the angle of the 
polygon segments so that θA ≤ θR ≤ θB  as shown in Figure 3. 
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Figure 3: Evaluating the line segment for its visibility from a given θR 
 
If the polygon segment is visible, then the reachability is the magnitude of the distance from the line segments of a 
slice to a line normal to the vector of the tool direction θR . The line p as shown in Figure 4 represents the lower 
bound of reachability from the direction, θR which basically finds the location where the ri,θ  is 0 for for a segment i. 
For a given tool direction, the line p is moved towards the slice until it intersects any of the points on the polygon 
segments. The distance from the two end points, r1 and r2, for each visible polygon segment (e.g., x colored red in 
Figure 4) are the minimum and maximum reachability for a tool direction. Therefore, the worst case reachability for 
segment i is given by 𝑟%,' = 𝑚𝑎𝑥 𝑟,, 𝑟- ,					if	𝜃/ ≤ 	𝜃0 ≤ 𝜃1undefined,             otherwise. 		          (1) 
 
 
 
Figure 4: Obtaining the r1 and r2 values for segment x 
 
For each slice, the process is repeated for each angle in a finite set of tool directions.  
 
2.3 Step 3: Calculate the minimum reachability for a polygon segment across all tool directions 
For each polygon segment in a slice, we want to find the smallest (i.e., best) reachability value across all tool 
directions, which is given by 																𝑟%∗ = 𝑚𝑖𝑛 𝑟%,' ,					∀	𝜃0      (2) 
 
2.4 Step 4: Map the 2D reachability values back to the facet in the mesh 
The next step is to map the r*i values back to the facets in order to determine the reachability for facet j as shown in 
Figure 5. For slices normal to axis k, the reachability is the maximum r*i value for all is contained in facet j and is 
given by 𝜌67 = 𝑚𝑎𝑥 𝑟%∗ ,					∀	𝑖 ⊂ facet	𝑗     (3) 
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Figure 5: A facet j with the different r*i values. 
 
For each facet, we want to select the smallest reachability value across all axes such that 
     𝜌6∗ = 𝑚𝑖𝑛 𝜌67 ,					∀	𝑘                           (4) 
 
2.5 Step 5: Calculate a unit-less reachability metric 
An overall reachabilty metric is calculated based on the results for all facets from the previous steps. Given that we 
know the area of each facet,	𝐴6	, we can calculate the weighted average of the reachability value, W across all facets. 
Let A = 𝐴6 be the total area of all the facets, then the weight for facet j is 𝑀6 = 𝐴6/𝐴 and the weighted 
reachability value is then		𝑥6 	= 	𝜌6𝑀6. The weighted average reachability is given by 
      𝑊 =	 	𝜌 ∗6 𝑀6∀6 	               (5) 
and the standard deviation for N facets is 
     		𝜎 = 	 BCDEFG (IC∗JK)MDNG 	 OCDEFGD   .                     (6) 
Analogous to the 𝐶Q7 metric in process capability, we define a new unit-less metric based on the maximum feasible 
tool length, t, the weighted average reachability, and the standard deviation such that 
                  𝑘 = RJKST 	.              (7) 
 
We then calculate a normalized metric, z, which is in the range of 0 to 1, which is given by  			𝑧 = 1 − ,S7 .      (8) 
 
We used the metric in (6) to evaluate the machinability of three sample parts as shown in Figure 6 using t = 6. Part 1 
has 8 holes and it has an internal cavity that is not easily accessible. The part also has corners that are difficult to 
reach. The design also contains adjacent faces that are almost perpendicular to each other, which requires careful 
machining for each face, in order not to scrape the other adjacent faces.  
                                    
Part 1    Part 2           Part 3 
Figure 6: Sample parts 
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Part 2 has faces that are mostly reachable, due to the faces being further apart. The part only has 4 holes which 
minimizes the regions that are not reachable, when compared with Part 1. Part 3 has 3 small holes and a long 
cylindrical cavity that runs through most of the length of the part. There are also small circular indentations on the 
part. 
 
3. Results 
The results of the analyses shown in Table 1 indicate that Part 2 had the best reachability and Part 1 had the worst 
reachability, z. This is consistent with the part model geometries shown in Figure 6. 
  
Table 1: Calculation results for Model 1, 2 and 3. 
Part Sum of weighted average values, W 𝜎 k z 
1 1.4415 1.2262 1.2392 0.7310 
2 0.1404 0.2087 9.3600 0.9644 
3 0.3960 0.4930 3.7888 0.9120 
 
Model 2 had the best reachability and Model 1 had the worst reachability, z as seen in Table 1. This correlates to 
Figures 6, 7 and 8 as it is observed that Model 1 had the most regions of green, which indicates a more difficult 
accessibility from a machining standpoint. Model 3 did worse than Model 2 because it had more regions that were 
less reachable in the design. Model 1, being the worse design in terms of reachability had the highest 𝜎	as well, 
indicating more variation in the part model’s surfaces. This could potentially be an indicator for the variation of 
surfaces on models.  
 
 
                     
 
                  Model 1      Model 2            Model 3 
Figure 7: Geometry-based histograms of Part 1,2 and 3.  
The histogram in Figure 7 is based on the weighted reachability values, xj indicate multimodal distributions for Parts 
2 and 3 and wide variation for Part 1. The histogram shows why the reachability values, z are different. The reason 
why Model 2 is the best is because the majority of the weighted reachability values are closer to 0, which is the ideal 
value. Model 1 is shifted to the right.  
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Figure 8: Histogram indicating geometric differences for Model 1, 2, 3. 
 
4. Conclusion 
We have defined a new unit-less metric that measures a part model’s overall reachability with respect to machining. 
Reachability in the context of this paper describes the ability of a tool to reach the surface of the part. The new 
metric considers feasible tool length, the mean reachability for the part, and the standard deviation of reachability 
values over the entire surface of the part. The metric was tested on three candidate parts and it produced results that 
were consistent with the part models’ geometric features. The z values that were obtained reflect how reachable the 
parts were in terms of how many internal and difficult to reach regions the part possesses (according to the 
geometry-based histograms). This metric can be used to assess the reachability of part designs in the conceptual 
design phase and provide information to the design engineer to substantiate design changes. This will help avoid 
downstream manufacturing problems and increase the likelihood of producing parts within specification. 
Additionally, the metric is applicable to any 3D model that is in STL form, and the computation for this method is 
simple enough. The metric takes into account multiple tool directions, allowing freedom to orient the part in 
different directions. Nonetheless, the method is still an approximation and is based on sampling. Currently, we do 
not have a formal method to determine 𝛿 a priori, but as previously discussed, we have outlined a potential method 
to address this issue. Ultimately, the accuracy of the metric is highly dependent on the accuracy of the STL model, 
since the STL file is still an approximation.  
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